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Scaffolded DNA origami, a method to create self-assembled nanostructures with spatially
addressable features, has recently been used to develop water-soluble molecular chips for label-
free RNA detection, platforms for deterministic protein positioning, and single molecule reaction
observatories. These applications highlight the possibility of exploiting the unique properties and
biocompatibility of DNA nanostructures in live, cellular systems. Herein, we assembled several
DNA origami nanostructures of differing shape, size and probes, and investigated their interaction
with lysate obtained from various normal and cancerous cell lines. We separated and analyzed the
origami-lysate mixtures using agarose gel electrophoresis and recovered the DNA structures for
functional assay and subsequent microscopic examination. Our results demonstrate that DNA
origami nanostructures are stable in cell lysate and can be easily separated from lysate mixtures, in
contrast to natural, single- and double-stranded DNA. Atomic force microscope (AFM) and
transmission electron microscope (TEM) images show that the DNA origami structures are fully
intact after separation from cell lysates and hybridize to their targets, verifying the superior
structural integrity and functionality of self-assembled DNA origami nanostructures relative to
conventional oligonucleotides. The stability and functionality of DNA origami structures in cell
lysate validate their use for biological applications, for example, as programmable molecular rafts
or disease detection platforms.
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Scaffolded DNA origami is a relatively new technique that uses hundreds of short “staple”
DNA oligonucleotides to direct the folding of a single-stranded DNA scaffold, typically the
7249 nucleotide (nt) long M13 viral DNA genome, into a predefined structure.1=3 This is an
attractive method to construct nanoscale objects because of the ease and convenience of
design, low production cost, high assembly yield, and unparalled addressability of the
resulting origami structures. Many 2D? and 3D nanoarchitectures*-8 assembled by this
technique have been used to pattern various materials, serve as nanoscale rulers for single
molecule imaging,® act as platforms for molecular robotics,1? and observe single molecule
chemical reactions.! In addition to these purposes, the distinctive properties of DNA
origami structures make them particularly interesting for potential biological applications.
The size of DNA origami nanostructures, the existence of well developed chemistries and
enzymatic methods to modify their nucleotides and functionalities, and their
biocompatibility permit their use in cellular studies. DNA origami has already been used as
an addressable support to place proteins at precise positions and intermolecular
distances,12-14 and for label-free detection of RNA hybridization, which suggests a potential
to assay for gene expression at the single molecule level.1> Most recently, Seeman and co-
workers16 developed an elegant strategy to use DNA origami as a molecular chip to detect
single nucleotide polymorphism (SNP), further demonstrating the potential of DNA
nanostructures for biological applications. With the developments in high-speed atomic
force microscopy (AFM)17:18 and super-resolution fluorescence imaging,1® DNA origami
nanostructures are more readily characterized, further encouraging their utilization in single
cell studies.

Though significant progress has been made over the past several decades in single cell
proteomic analysis, most new methods are performed as end point analyses and provide only
a snapshot of cell status. These problems are exacerbated by the low abundance of rare
proteins and disease markers, whose presence is often difficult, if not impossible, to detect.
With DNA origami, it may be possible to develop a platform that can be used for single, live
cell analysis, with sufficient sensitivity to provide an accurate picture of intracellular
dynamics. Microfluidic technologies for mixing,2-23 in situ cell lysis24-2° and subsequent
electrophoretic separation3%-33 of cellular components have recently been developed by
several research groups. It is our goal to apply the latest technologies to construct a
microfluidic device consisting of a mixing chamber, lysis chamber, and electrophoretic
channel to analyze cell-integrated, DNA origami platforms for cellular analysis. However,
before DNA origami can be used to probe real-time cellular behavior, or as a disease
detection or diagnosis tool, several issues must be addressed. For example, it is well-known
that oligonucleotides may be unstable and easily degraded in cellular environments.343>
Therefore, it is critical to establish the stability of DNA origami structures in intra- and
extracellular environments and determine whether or not they can be separated intact from
cell lysate.

Here we investigated the stability of a series of DNA origami structures in cell lysates from
a number of normal and cancerous cell lines and their ability to be separated from the cell
lysate mixtures (Figure 1). The concentration of cells used to prepare the lysate (and
therefore the amount of enzymes and other cellular material) was varied, along with DNA
structure/lysate incubation time and temperature to determine if the DNA origami structures
were stable under a wide variety of conditions. Several well-studied, 2D and 3D DNA
origami nanostructures were assembled and purified following published methods.7 Cell
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lysate was prepared by mixing cells with mammalian cell lysis buffer (50 mM Tris-HCI, 150
mM NacCl, 0.1% SDS, 0.5% deoxycholic acid and protease inhibitor), followed by
centrifugation to remove nuclear DNA and cell membrane debris. After the purified DNA
origami structures were incubated with cell lysate, separation was performed by
nondenaturing agarose gel electrophoresis. The morphological integrity of the structures was
verified by direct visualization with AFM and transmission electron microscopy (TEM).

First, the stability of the same 2D, rectangular origami (90 nm x 60 nm) that was reported
for label-free detection of RNA hybridizationl® was investigated. The rectangular origami
was added to CP-A cell lysate (metaplastic human esophageal epithelial cell line36) prepared
from different numbers of cells (5000 or 10000) and was subsequently incubated for 1 or 12
h at 4 °C or room temperature, respectively. Native gel analysis of each reaction mixture is
shown in Figure 2a. For each gel, lane 1 contains a 1000 bp DNA ladder, used as a marker
to identify the molecular size of each band, while lanes 2 and 3 and 6 and 7 contain the
DNA origami/cell lysate mixtures corresponding to the various conditions. Lane 4 contains a
DNA origami sample (not mixed with cell lysate), used as a positive control to illustrate the
mobility of a fully formed structure, while lane 5 contains a sample of cell lysate only, as a
negative control. In lanes 2, 3, 6, and 7, the presence of a band with the same mobility as the
DNA origami control in lane 4 confirms that the DNA origami structures are stable in each
of the conditions and can be successfully separated from cell lysate mixtures.

The relative intensity of each band was quantified using ImageJ, and the concentration of
DNA origami structures in the bands separated from the cell lysate was estimated by
comparison to the intensity of the band of the positive control (Figure 2b). No significant
differences were observed for the various conditions. It should be noted that the intensities
of the origami bands from the 25 °C reactions were approximately 98% of those from the 4
°C reactions. This result suggests that the DNA origami—cell lysate mixtures are stable at
room temperature, obviating the requirement for any cooling device in the future design of a
microfluidic chip.

To further verify their structural integrity and degree of separation from the cell lysate, DNA
origami structures were extracted from the gels and visualized by AFM. The AFM images in
Figure 2c and Figure S1 (Supporting Information) clearly show the rectangular DNA
origami structures have been separated from the cell lysate, remaining fully intact with no
evidence of degradation. For comparison, a mixture of DNA origami and cell lysate (no
electrophoretic separation) was directly deposited on a mica substrate for AFM readout.
Figure 2d shows that individual DNA origami structures cannot be identified in AFM
images of the mixtures with cell lysate, because broken lipid membranes, proteins, nucleic
acids and cellular organelle debris obscure the nanostructures. The cell remnants adsorb to
the mica surface, preventing the DNA origami structures access to the substrate. Cell lysate
constituents may also adsorb to the AFM tip while scanning, reducing image quality. These
results confirm that separation, electrophoretic or otherwise, is a critical step for AFM
analysis of DNA origami/cell lysate mixtures.

In the future, other 2D and 3D DNA origami structures may be required for tailored
applications. It is therefore desirable to determine whether the shape of a structure has any
influence on its stability in, or separability from, cell lysate. Two additional DNA origami
constructions, whose shape and helical density might be presumed to affect their
susceptibility to enzyme digestion, were investigated: a 2D equilateral triangle (120 nm long
with 30 nm wide sides) with an open, central, triangular cavity of 60 nm per side and a 3D
multilayer rectangular parallelepiped structure (8 helix x 8 helix square lattice with
dimensions of 16 nm x 16 nm x 30 nm). The triangular and cuboid structures were prepared,
mixed with CP-A cell lysate, and separated by gel electrophoresis (Figure 3a). The results
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show that both additional DNA origami shapes can be separated from CP-A cell lysate, with
no significant damage to the structures. A small amount of the triangular DNA origami
structure remained in the wells, reflecting the known tendency of these structures to self-
associate by base-stacking at the corner to form larger aggregates. The structures were
subsequently extracted from the gels and imaged using AFM and TEM, as shown in panels
b and c of Figure 3, respectively. The results indicate that regardless of size or shape, DNA
origami structures are stable in, and separable from, a variety of cell lysate mixtures under
the investigated conditions. The ability of these synthetic DNA structures to resist
association with any cellular components and degradation by the DNA enzymes in the cell
lysate might not have been predicted, considering how readily native DNA (both single
stranded and double stranded) can interact with various DNA binding proteins and be
digested in the intracellular environment. It is possible that the cellular machinery and
enzymes do not recognize DNA in an origami structure as they normally would, or perhaps
cannot access it given the relatively compact arrangement of DNA helixes due to limited
steric accessibility. In addition, origami structures have a very high negative charge density,
which may contribute to the inaccessibility of cellular components and enzymes to DNA
origami surfaces.

To determine the interaction of cell lysate with traditional DNA and compare the results to
those of DNA origami structures, representative single- and double-stranded DNA were also
tested. It was expected that the natural, noncompact structure of single- and double-stranded
DNA should be less resistant to interaction with, and degradation by, the components in cell
lysate. M13mp18 viral DNA, which acts as the scaffold strand in the assembly of DNA
origami, was selected as the representative single-stranded DNA; A DNA, ~47 kbp from E.
coli, was used as the double-stranded DNA. Mixtures of single-and double-stranded DNA
with cell lysate were prepared in the same way as the rectangular DNA origami-lysate
mixture. After 1 or 12 h of 25 °C incubation in CP-A lysate, only the DNA origami
remained unchanged as shown in the gel images in Figure 4. Notably, after only 1 h of
incubation with cell lysate, comparing the gels from the untreated and treated samples, the
single-stranded M13 mp18 viral DNA and double-stranded A DNA were completely altered,
as evidenced by the disappearance of their representative bands. After treatment with cell
lysate, the single-stranded DNA did not run as a single band but was smeared throughout the
lane: the appearance of products with smeared faster mobility indicates that some of the
single-stranded DNA was digested by cellular enzymes; the products with smeared slower
mobility indicate severe protein binding and maybe some degradation. In the case of A DNA,
nearly the entire sample of double-stranded DNA remained in the gel well. It is likely that
the double-stranded DNA was interacting with some component in the cell lysate, possibly
becoming entangled with cellular proteins. DNA origami is better able to maintain its
integrity in cell lysate compared to single- and double-stranded DNA, likely because the
rigidity, compact organization, and charge density of the origami structure decrease its
susceptibility to degradation and propensity to interact with lysate components.

Cell-line-dependent effects of lysate on the stability and separation of DNA origami
structures were also investigated. Normal End1/E6E7, MCF-10A and cancerous HelLa &
MDA-MB-231 cells (see detailed description in Supporting Information) were lysed and
separately mixed and incubated with DNA origami, double-stranded A DNA, and single-
stranded M13mp18 viral DNA. Figure S2 (Supporting Information) shows the results of
agarose gel separation of the mixtures, with each cell line exhibiting similar patterns to those
of the CP-A cell lysate experiments. No notable cell line dependent effects were observed,
and the results confirm that only the folded structure of DNA origami is stable in the various
cell lysates. Most of the double-stranded 2 DNA remained in the wells when mixed with the
cell lysates, possibly because of entanglement with proteins in the lysate mixture.
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Finally, to confirm the functionality of DNA origami with interaction of cell lysate, a region
of human f-actin gene (40 bases long) was linked as a capture probe onto the rectangular-
shaped origami and then mixed with HeLa cell lysate. Twelve copies of probe were aligned
into each strand on the right edge of the origami, while a sequence not found in the human
genome was selected as a control and located at the same position as the probe (Figure S6,
Supporting Information). Six of the dumbbell-shaped structures were placed on the upper
left corner as index feature to orient the image, as described previously.1® Detailed
sequences of the probe, control, and index can be found in the Supporting Information
(Table S4). After 1 and 12 h room temperature incubation with lysate prepared from various
numbers of cells, origami with a capture probe was successfully separated from cell lysate as
shown in Figure 5a. The gel images show that DNA origami/probe is still separable from the
lysate, even after 12 h of incubation. The origami bands were cut from the gel for further
functional assay. First synthetic RNA with complementary sequence to the probes (40 bases)
was reacted with probe origami. AFM images of hybridized origami, such as in Figure 5c,
revealed that the target hybridization can be visualized as bright features along the line of
the probes, while no such binding was evident on the control (Figure 5b). Two more targets,
fragmentized total cellular RNA and total cellular RNA, were prepared and reacted with
probe-bearing origami after recovering from cell lysate. Those total cellular RNA should
contain the mRNA for S-actin gene that is complementary to the probes. The AFM images
of panels d and e of Figure 5 confirmed the obvious hybridization between probe origami
and total cellular RNA, but no target binding on the control probe line as shown in panels b
and c of Figure S7 (Supporting Information). Excess total cellular RNA was observed as
aggregated dots on the mica surface (Figure 5e and Figure S7c (Supporting Information)).
These results indicate that the single-stranded probes are not digested by cellular enzymes
and remain functional for RNA hybridization after exposure to the cell lysate even for 12 h.

In summary, we have demonstrated the successful electrophoretic separation of a variety of
DNA origami nanostructures from the lysates of several cell lines. The structural integrity of
the resulting DNA origami was verified by AFM and TEM imaging, confirming that the
structures can be separated from cell lysate without degradation or damage. We also
established that DNA origami structures are stable in lysate mixtures for at least 12 h at
room temperature, in contrast to natural, single- and double-stranded DNA configurations.
Finally, we confirmed that DNA probe origami is not only stable but also functional after
extended exposure to cell lysate. These results imply that DNA origami should remain stable
in intracellular conditions and has the potential to serve as an in vitro diagnostic platform.
Collectively, the experimental results encourage the development of an integrated,
microfluidic chip for origami separation after cell lysis. This type of integrated device could
be used for single cell proteomic analysis and provide sufficient sensitivity to ascertain an
accurate picture of intracellular dynamics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Investigating the fate of DNA nanostructures in cell lysate.
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Figure 2.

Analysis of rectangular DNA origami stability in, and separability from, CP-A cell lysate.
(a) Agarose gels separate origami after incubation at 4 and 25 °C: lane 1, 1000 bp DNA
ladder; lane 2, 10000 lysed cells with origami incubated for 12 h; lane 3, 5000 lysed cells
with origami incubated for 12 h; lane 4, 10 nM origami; lane 5, cell lysate only; lane 6,
10000 lysed cells with origami incubated for 1 h; lane 7, 5000 lysed cells with origami
incubated for 1 h. (b) Concentration of origami products after separation from cell lysate,
estimated from the relative band intensities, compared to the control sample in lane 4. (c)
Topographic images of rectangular DNA origami extracted from agarose gels. Scale bar =
300 nm (image insets in upper corners are 250 nm by 250 nm). (d) AFM images of origami/
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cell lysate mixtures without gel electrophoretic separation, at 4 and 25 °C. Scale bar = 300
nm.
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Figure 3.

Stability of different origami shapes in CP-A cell lysate. (a) Agarose gel electrophoresis of
2D triangular origami and 3D cuboid origami after incubation with CP-A cell lysate: lane 1,
1 kbp DNA ladder; lane 2, 5 nM triangular origami; lanes 3 and 4, triangular origami
incubated with cell lysate for 1 and 12 h; lane 5, cell lysate; lane 6, 10 nM origami cube;
lanes 7 and 8, 10 nM origami cube incubated with cell lysate for 1 and 12 h. (b) AFM
images of triangular DNA origami after separation from CP-A lysate. Images insets are 250
nm by 250 nm. (c) TEM images of 3D cuboid origami after separation from CP-A lysate.
Images insets are 125 nm by 125 nm.
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Relative stabilities of rectangular origami, single-stranded M13 viral DNA and double-

stranded A DNA in CP-A cell lysate. Agarose gel electrophoresis confirms that only origami

is separable from cellular debris: lane 1, 10 nM M13; lane 2, 10 nM origami; lane 3, 25 ng/

1L 2 DNA,; lane 4, cell lysate; lanes 5-7, M13, origami and A DNA incubated with cell

lysate for 1 h at 25 °C, respectively; lanes 8-10, M13, origami, and 2 DNA incubated with
cell lysate for 12 h at 25 °C, respectively.
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Figure 5.

Functional assay of single-stranded probe-bearing DNA origami nanostructure after mixing
with HeLa cell lysate. (a) Each DNA origami carries a line of probes positioned near the
right edge and is recovered after incubation with HeLa cell lysate using agarose gel: lane 1,
1 kbp DNA ladder; lane 2, 5000 lysed cells with probe bearing DNA origami incubated for 1
h; lane 3, 10000 lysed cells with probe bearing DNA origami incubated for 1 h; lane 4, cell
lysate only; lane 5, 10 nM probe bearing DNA origami; lane 6, 5000 lysed cells with probe
bearing DNA origami incubated for 12 h; lane 7, 10000 lysed cells with probe bearing DNA
origami incubated for 12 h. (b—e) Topographic AFM images of the DNA origami with three
different targets after separation from HelLa cel lysate. (b) Control probes mixed with
synthetic RNA target. (c) Binding to synthetic RNA. (d) Binding to fragmentized total
cellular RNA. (d) Binding to total cellular RNA. Scale bar = 300 nm (image insets are 250
nm by 250 nm).
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